The contribution of different fungal cell wall components in adsorption of polycyclic aromatic hydrocarbons (PAHs) is still unclear. We isolated Rhizopus oryzae cell walls components with sequential extraction, characterized functional groups with NEXAFS spectra, and determined partition coefficients of PAHs on cell walls and cell wall components with cosolvent model. Spectra of NEXAFS indicated that isolated cell walls components were featured with peaks at $ 532.7 and $ 534.5 eV energy. The lipid cosolvent partition coefficients were approximately one order of magnitude higher than the corresponding carbohydrate cosolvent partition coefficients. The partition coefficients for four tested carbohydrates varied at approximate 0.5 logarithmic units. Partition coefficients between biosorbents and water calculated based cosolvent models ranged from 0.8 to 4.2. The present study proved the importance of fungal cell wall components in adsorption of PAHs, and consequently the role of fungi in PAHs bioremediation.
Introduction
Microbial treatments of contaminated soils are more efficient, financially affordable, and adaptable than physicochemical treatment because of potential advantages: the complete degradation of the pollutants, lower treatment cost, greater safety, and less soil disturbance (Habe and Omori, 2003) . Plenty of fungi (filamentous fungi, basidiomycetes, white-rot fungi, and deuteromycetes) have been shown to remove PAHs efficiently, even for five-ring PAHs which is difficult to be degradated (Peng et al., 2008) . Therefore, an understanding of the fungi uptake and translocation mechanisms of PAHs is crucial for guidance of the field application of microbial remediation with fungi. There are two mechanisms involved in PAH degradation by fungi: one utilizes the cytochrome P-450 system (Yadav et al., 2006) , the other uses the soluble extracellular enzymes of lignin catabolism, including lignin peroxidase, manganese peroxidase (Steffen et al., 2003) and laccase (Mayer and Staples, 2002) . The cytochrome P-450 system degrades PAHs in cells after uptake by fungi, but extracellular enzymes will be released out through cell walls and degrade PAHs in surrounding regions. Both mechanisms are expected to associate with the cell wall of fungi, which entirely surrounds the exterior of cells. As the outermost surface against the environment, fungal cell walls control the transport of molecules into or out to the cells and may also provide functions affecting the transpiration and translocation of PAHs through the intra-and extra-cellular regions of fungal cells. The fungal cell walls are composed of lipid, protein, and polysaccharides, including chitin, chitosan, glucan, and mannan (Ruiz-Herrera, 1992) . For hydrophobic organic compounds, the lipid fraction is the main storage site for adsorbates . The partition coefficients of lipids were assumed to be linear correlations with the corresponding octanol water partition coefficients (K ow ), and polysaccharides water partition coefficients (K pw ) assumed to be low (Chiou et al., 2001) . Previous studies provided evidence for the importance of the plant root cell walls in the partitioning of phenanthrene by plant roots, and the models for partition coefficients were significantly improved by including the contribution of polysaccharides instead of using root lipids alone (Chen et al., 2009; Zhang and Zhu, 2009 ). Therefore, elucidation of the fundamental functions of the cell wall in the interactions between cell walls and PAHs is of great importance. However, a thorough understanding of the role of fungal cell walls in the partitioning and uptake of PAHs is still lacking.
The concentrations of PAHs in water are often very low and difficult to measure accurately because of low solubility. Furthermore, dissolved organic matter (DOM) and particles present in the equilibration environment both disturb the determination of PAHs (Jonker and Smedes, 2000) . The addition of cosolvents such as methanol or acetone can increase the solubility of PAHs in the aqueous phase and stabilize the equilibrating solutions (Smedes et al., 2009) . Therefore, partition coefficients determined in cosolvent mixtures may yield more accurate and more precise partition coefficients than direct measurements in cosolvent free water (Smedes et al., 2009 ). The cosolvent method has been applied to the measurement of sediment-water partition coefficients, for which the overestimation of solute concentrations in the aqueous phase is due to the abundance of DOM and particles in the sediments (Jonker and Smedes, 2000) . The cosolvent method was also used for the measurements of partition coefficients for silicone rubber and a polymer of passive polymeric materials (Smedes et al., 2009; Yates et al., 2007) . However, the cosolvent method has rarely been applied for estimating partition coefficient of biosorbent materials.
Numerous studies have reported the outstanding capacity of the worldwide distributed saprophyte, Rhizopus oryzae, for adsorbing organic pollutants (Das et al., 2006; Fu and Viraraghavan, 2001) . The biopolymer component of cell walls mainly contributes to the adsorption behavior of R. oryzae (Das et al., 2008) . The present study was done to determine the adsorptive characteristics of individual components in cell walls of R. oryzae for PAHs. The cell wall components were characterized with near-edge X-ray absorption fine structures (NEXAFS). Sorption of naphthalene, fluorene, phenanthrene, and pyrene as model PAHs on R. oryzae cell walls and cell wall components were quantitatively evaluated in methanol water cosolvent mixtures. Moreover, correlation models based on partial least regression approach for PAHs adsorption on each cell wall component and calculated molecular structural descriptors were estimated. The most contributing molecular structural descriptor was compared with K ow to declare the role of molecular structural descriptors in predicting partition coefficients of PAHs on biosorbents. Cosolvent models base on the Bayesian cosolvent models in for extrapolating partition coefficients of PAHs on R. oryzae cell wall components were estimated in our previously study (Ma et al., 2011) , the partition coefficients of PAHs on biosorbents in water solution were calculated in the present studies.
Material and method
2.1. Materials R. oryzae (3.5842) was obtained from China General Microbiological Culture Collection Center. The different PAHs, methanol, hexane and all other chemicals were purchased from Sigma USA, Tedia USA, and Sinopharm Chemical reagent China, respectively.
Isolation of of cell walls
Potato-dextrose broth was used for the cultivation of R. oryzae. The media were dispensed in aliquots of 75 mL in 250 mL Erlenmeyer flasks and sterilized by autoclaving at 121°C for 15 min. The flasks containing the medium were inoculated with 3.5 Â 10 7 /mL R.oryzae spores. Inoculated media were incubated under submerged condition (130 rpm) at 30°C for 96 h. At the end of incubation, fungal mycelia were harvested by centrifugation (Sigma laboratory centrifuge 3K18, Germany) and washed with Milli-Q water.
The cell walls of R. oryzae were prepared following the procedure described by Das et al. (2008) with little modification. In brief, R. oryzae biomass was suspended in Milli-Q water and disrupted by an ultrasonic disruptor (Sonics, USA) for 1 min (pulse of 5 s, interval of 5 s, output level of 5). The cell suspension was centrifuged at 4000g for 8 min at 4°C and the supernatant decanted off. The cell wall materials were thoroughly washed with Milli-Q water followed by increasing concentrations of ethanol (50%, 70% and 100%) to remove the excess water. This was then dried by lyophilization and kept under refrigerated condition till use.
Isolation of cell wall components
Lipids were extracted from the cell wall matrix with a modified method of Li et al. (2005) . Chitosan and crude chitin were isolated from the lyophilized R. oryzae cell walls following slight modification of the procedure of Synowiecki and Al-Khateeb (1997) . Glucan and mannan were extracted from the lyophilized fungal cell walls following the methods of Northcote and Horne (Northcote and Horne, 1952) . The isolated cell wall components were dried by lyophilization. The details are available in supporting information.
NEXAFS using scanning transmission X-ray microscopy
Near-edge X-ray absorption fine structures (NEXAFS) were obtained using scanning transmission X-ray microscopy (STXM) at beamline 08U of the Shanghai Synchrotron Radiation Facility (SSRF). This beamline produces a soft X-ray beam from the 3.5 GeV electron storage ring and illuminates a monochromator that is tunable over 250-2000 eV. The maximum spatial resolution of the STXM is 50 nm. The STXM obtains a map of a sample from 528 to 538 eV in 0.25 eV steps with 2 ms dwell time. The spectra for each point were then reconstructed over the entire region of the aligned stack with Stack analyze (Jacobsen and Flynn, 2000) . Principal component and cluster analysis was performed to orthogonalize and noise-filter the data and to classify regions in the sample according to spectral similarities with PCA_GUI (Lerotic et al., 2004) . Spectra from clusters were smoothed with a PSPLINE package for R.
Equilibration experiments
Cell wall components were equilibrated with a constant proportion of 20% v/v methanol, 10 mL water and 2.5 mL methanol added to 25 mL Erlenmeyer flasks with glass-ground stoppers to prevent volatilization. Subsequently CaCl 2 (0.005 M), NaN 3 (25 mg L À 1 ) and 1 mg L À 1 of the PAHs solution (each compounds in methanol) were added. The individual cell wall components ranging from 0.005 g to 0.25 g were transferred to the flasks to allow 30-70% of the added solute to be adsorbed at equilibrium. All flasks were shaken upright for 24 h using orbital shakers at 130 rpm in a constant temperature of 25°C. Adsorption of PAHs to lipids was determined in a different way. About 0.2 g of extracted lipids was dissolved by 2 mL of hexane as stock solution. Subsequently 1-2 μL of lipids solution was transferred to 25 mL Erlenmeyer flasks described above with the same liquid condition. Hexane was evaporated under a gentle stream of nitrogen to a constant weight. During the evaporation of the hexane, the lipids formed an adhesive thin film on the inner surface of flasks. Flasks were kept undisturbed for 72 h during the sorption experiment to avoid dislodging the lipid film.
Analysis
After equilibration, solvent and cell wall components were firstly separated with centrifugation. Then 10 mL solvent was filtered through a 0.22 μm polyethersulfone filter membrane and transferred to a 50 mL centrifugal tube. 10 μL 1 mg/mL internal standard Acenaphthene-D10 and 10 mL hexane were added and mixed completely. The extraction was repeated twice and extracts were collected and combined into a tube. The combined hexane extract was dehydrated with anhydrous sodium sulfate and analyzed by an Agilent HP 6890-HP 5972 GC-MS in selected ion mode using electron impact ionization.
All samples were prepared in triplicate. Control samples contained PAHs but without sorbent to account any losses should be rewritten. Mass balance calculations of control samples yielded recovery values of 90-110%, suggesting that the losses of evaporation, degradation, and sorption to vials can be negligible. Data were analyzed with R 2.13.0 software (www.r-project.org).
Results and discussion
3.1. NEXAFS spectroscopy of cell wall components Fig. 1 shows the O K-edge NEXAFS spectra for the R. oryzae cell wall and cell wall components, including chitin, chitosan, glucan, and mannan. The NEXAFS peak assignments are based on reported assignments. The spectrum between 532.7 and 534.5 eV characterized the feather of R. oryzae cell wall. The 532.7 eV peak can be assigned to a carboxyl functional group (O ¼ C-OH) based on the NEXAFS spectra of a range of carbonyl containing molecules (Urquhart and Ade, 2002) . In fungal cell walls, the carboxyl functional group can be attributed to lipid and protein components (Ruiz-Herrera, 1992) . The shoulder at $ 534.5 indicated the polysaccharides structure included the hemiacetal bridge (C-O-C) and the closed ring structure contained the ketone carbonyl group carbon (C ¼ O) and hydroxyl group (-OH). The spectrum of chitin showed a relatively broad peak at $534.4 eV. This peak was related to the hemiacetal bridge and the closed ring structure contained in the ketone carbonyl group carbon and hydroxyl group in the chitin structure. The spectra of chitosan and glucan were similar, characterized by the peak at 534.5 eV which indicated the hemiacetal bridge and hydroxyl group in chitosan and glucan molecular. The steeper peak shape of chitosan and glucan can be attributed to the lack of ketone carbonyl group carbon. There was a broad peak at $ 534.2 eV and a shoulder at $ 532.7 eV in the spectrum of mannan. The number of functional groups in mannan are same as in glucan, but in the fungal cell wall structure mannan was generally bond with protein, which might cause the sharp shoulder at $ 532.7 eV because of the carboxyl functional group in the amino acid molecule.
The O K-edge NEXAFS spectroscopy of cell wall materials showed that the peak of the carboxyl functional group in the cell wall was much higher than the peaks of functional groups containing the oxygen atom in polysaccharides, including the hemiacetal bridge, the ketone carbonyl group, and hydroxyl group. The carboxyl functional group can be attributed to the lipid and protein components in the fungal cell wall. Lipid and protein are assembled on the face of the cell wall structure. The carboxyl functional group is a dominant function containing oxygen atoms. Although the proportion of polysaccharides was significantly higher than that of lipid and protein, the carboxyl functional group was significantly higher than functional groups containing oxygen atoms in the polysaccharide spectra. The higher oxygen content of the carboxyl functional group would cause higher resonance transition than the hemiacetal bridge, ketone carbonyl group, and hydroxyl group. Protein linked with polysaccharides in the cell wall. The images of stack scan for four polysaccharides cell wall components showed that all cell wall components were homogenous (Fig. S1 ). The NEXAFS spectra of all polysaccharide cell wall components except mannan were without response at 532.7 eV. It indicated that the protein and lipid were removed from chitin, chitosan, and glucan.
Partition coefficients versus K ow and molecular structure descriptors
The logarithmic partition coefficients (K m ) values of tested PAHs on biosorbents in solvent mixtures with 20% v/v methanol ranged from 1.4 to 4.9 (Fig. 2) . The values of lipid-cosolvent partition coefficients (K mlip ) were one to two orders of magnitude higher than the corresponding partition coefficients values of carbohydrate components in cosolvent mixture (K mch ), which varied about 0.5 logarithmic units. Excluding K m values of naphthalene, the glucan-cosolvent partition coefficients (K mglu ) values were the highest among four carbohydrate components. The chitin-cosolvent partition coefficients (K mchi ) values were approximately 0.2 logarithmic units lower than the corresponding K mglu values. Except K m values of naphthalene, mannan-cosolvent partition coefficients (K mman ) and chitosan-cosolvent partition coefficient (K mchs ) values were lower than values of K mglu and K mchi , and discrepancies increased with K ow of PAHs.
The plot of log K m verse log K ow showed that K m for all cell wall components were highly correlated with K ow (Fig. 2) . When partition coefficients of organic pollutants on biosorbents were unavailable, K ow was generally considered to be the same as K mlip . The K mch values were 0.1-0.3 times of K ow values while predicting the sorption and uptake of organic contaminants by plants . Zhang and Zhu (2009) showed that the carbohydrate water partition coefficient (K ch ) and lipid water partition coefficient (K lip ) could be estimated with the corresponding K ow values, but K lip was obviously not the same as K ow . The slope of the linear regression between K ow and K mlip in the present study was approximately one but the intercept was À0.14, which indicated a lower K mlip than K ow . The slopes of linear regression equation for cell walls, lipid, chitin and glucan were all close to one. However, the slopes for chitosan and mannan were lower than the slopes for other fungal cell walls components. Chitosan and mannan are conjugated with proteins to form mannan-and chitosan-protein complexes structures in fungal cell walls (Bystrick et al., 2003; Jiang et al., 2005) . The slope of linear free energy relationships between protein water partition coefficients and K ow has been reported to be 0.7 (Schwarzenbach et al., 2003) . The slopes of mannan and chitosan were significantly lower than other components because protein was not easy to isolate from these two carbohydrate components (Ruiz-Herrera, 1992) .
Previous studies demonstrated that molecular structural property would dominate the partition process of pollutants on biosorbents. Firstly, the hydrophobicity of a molecular is the dominant property to decide the interactions between organic contaminatants and biosorbents. The values of K ow which represent the hydrophobic properties of compounds can be calculated with quantitative structure-property relationship (QSPR) based approach (Hansen et al., 1999) . Nonpolar and unipolar organic compounds are difficult to adsorb on polysaccharose biosorbents because carbohydrate molecular contains plenty of hydroxyl functional groups, which make it easy to dissolve in water or other polar compounds, and repel nonpolar and unipolar organic compounds (Schwarzenbach et al., 2003) . Sorbent-water partition coefficient has been readily predicted with K ow in numerous studies (Chiou et al., 2001; Smedes et al., 2009; Zhang and Zhu, 2009 ). The partition coefficients of PCBs and PAHs on passive sampler sorbent were all correlated with the K ow of compounds (Smedes et al., 2009 ). The slopes of linear regression for partition coefficient of lipid and carbohydrates verse K ow were all close to one (Zhang and Zhu, 2009 ). The value of K ow was generally employed as substitutions for partition coefficients of organic pollutants on lipids (Chiou et al., 2001) . Secondly, the size and shape of a molecule would also affect the activity of partition. Gobas et al. (1988) reported that determined partition coefficients of nonpolar compound with large K ow on l-a-phosphatidylcholine dimyristoyl (DMPC) membrane were significantly lower than expected. This discrepancy can be attributed to the membrane structure and limited molecular interspace, which would restrict the adsorption of molecules of large sizes. The nonlinear sorption behavior of pyrene observed by Wang et al. (2007) was attributed to the larger molecular volume of pyrene, which would have prevented pyrene molecules from penetrating and swelling localized immobile amorphous domains within the cellulose structure. Yang et al. (2006) showed that PAHs generally have greater affinity with nanomaterials when the shapes of PAHs and the nanomaterials are matched. The molecular size and shape are described by a range of molecular structural descriptors, such as topological descriptors, connectivity indices, information indices, and walk path counts (Todeschini and Consonni, 2000) . Accordingly, molecular structural descriptors are worthy for understanding hydrophobicity, size and shape of contaminants, therefore for predicting partition coefficient of organic contaminants on biosorbents.
The partial least square regression was employed for determining the importance of molecular descriptors through finding the principle component in a variable matrix, which contributed the greatest determining coefficients (R 2 ) to regression, and then attribute the molecular descriptor with the greatest loading values in this component as the principle contributing molecular descriptors. The details of regression models were provided in Supporting Information. In all regression models the first component contributed more than ninety percent of the determining coefficients (Fig. S2) . In this component, molecular weight had the greatest loading value (Table S2 ). Fig. 3 shows R 2 between cell wall components and molecular weight. Comparing with the relationship between K ow and K m , the correlation coefficients between K m and molecular weight were all increased except the K mchi values. It indicated that molecular weight was a better descriptor of K m than K ow for PAHs. The values of K ow from different studies were somewhat different because K ow has been estimated with various models, and therefore an uncertainty in the K ow values (Niemi et al., 1992) . Li et al. (2003) reported that there was a good correlation between log K ow and molecular weight. Molecular weight is, however, a constant value for a certain molecule, whereas K ow is variable. The molecular weight should be expected to provide a more robust descriptor. Smedes et al. (2009) reported that the molecular weight of PAHs was more highly correlated with sorbent-water partition coefficients than K ow . Following molecular weight, the total information content index with neighborhood symmetry of 1-order (TIC1) has the highest loading value. TIC1 is an information index, which is the calculation of equivalence classes from the molecular graph. The information indices were reported to be highly related with PAHs activities in the QSAR model in previous study (Ma et al., 2010 indicates that both molecular size and shape affect the adsorption process of organic contaminations on biosorbent materials.
Partition coefficients of fungal cell wall components and implications
Partition coefficients between fungal cell wall component biosorbents and water (K w ) have been calculated with cosolvent models based on Bayesian regression approach previously reported (Ma et al., 2011) . Furthermore, the 'leave-one-out' concept was employed to predict K m of PAHs on fungal cell wall components in cosolvent solution. Each time one PAH was omitted and regression models constructed with the K m values of other three PAHs, then the K m value of the omitted PAH was predicted. The predicted K m could be used for calculating K w with Bayesian based cosolvent models as well. The results in Fig. 4 show that all the K w values predicted with 'left-one-out models' were close to the line of y¼x, indicating that predicted K m values corresponded to their determined K m values. Moreover, predicted K w values of phenanthrene were all lower than experiment values, but predicted K w values of pyrene were all greater than experiment values. This result indicated that the partial least regression models underestimated the K m values of phenanthrene and overestimated the K m values of pyrene. This discrepancy could be attributed to the slope differentiation at low methanol fractions, which increased with hydrophobicity of PAHs (Ma et al., 2011) . The partition coefficients of PAHs on fungal cell walls (K w ) reported in this study were 1.5-5.7 times those of the partition coefficients of corresponding PAHs on ryegrass root cell walls (Zhang and Zhu, 2009) and twice those of phenanthrene in wheat root cell walls (Chen et al., 2009 ).
Conclusion
The partition coefficients of PAHs on lipids were more than ten times greater than on polysaccharides. However, polysaccharide components, including chitin, chitosan, glucan, and mannan, affected PAHs adsorption affinity on fungal cell walls as well. Only considering the lipid component in fungal cell wall was insufficient in understanding the fate of HOCs during adsorption on fungal biosorbents. Therefore, integral roles of different cell wall constituents, including lipids, protein, and polysaccharide on the partition of HOCs is required for a comprehensively understanding of the role of fungi in the remediation of organic contaminations. 
